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(57) ABSTRACT

Examples of increasing yield and operating temperature
range of transmitters are disclosed. In one example, a
transmitter has an a thin-film bulk acoustic (FBAR) reso-
nator. The transmitter may be a Bluetooth Low Energy
(BLE) transmuitter. In this example, the FBAR-based BLE
transmitter does not require or have a phase locked loop, and
does not require or have a crystal reference. The FBAR-
based BLE transmitter may have an oscillator with a split
capacitor array. The oscillator may be a Pierce oscillator
with a split capacitor array. The FBAR-based transmitter and
calibration methods described herein provide a greater yield
and wider operating range than prior transmitters.
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Calculate first frequency drift associated with an oscillator
: at a current temperature |
510

Generate a first signal corresponding to temperature

compensation data
520

Generate a second signal corresponding to packet data

and/or modulation scheme
530

Generate first tuning signal
540

Tune capactitor array(s)
550

Figure 5
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600

Trun temperature sensor output

620

| Set fine cap array code to max value

625

Set coarse cap array code
640

Sweep coarse cap array code to

Sweep fine cap array code to
achieve target frequency
645

identify minimum code that achieves
frequency below target frequency
630

I Measure slope of frequency ot |
FBAR '

Figure 6
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INCREASING YIELD AND OPERATING
TEMPERATURE RANGE OF
TRANSMITTERS

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims the benefit of U.S. Application

No. 62/532,439, filed Jul. 14, 2017, taitled “Increasing Yield
and Operating Temperature Range of Transmaitters,” which
1s incorporated herein by reference in its entirety.

FIELD

The present application generally relates to transmitters
and more generally relates to radio frequency transmitters.

BACKGROUND

Portable computing devices, such as laptop computers,
tablets, cell phones, smartphones, wearable devices, and
other Internet-capable devices are prevalent in numerous
aspects of modern life. Such devices often have a transmitter
to wirelessly connect to another device. For example, Blu-
ctooth may be used to connect a cell phone to a wireless
headset, possibly allowing for hands-iree use of the phone.
The yield and operating temperature range of traditional
transmitters are limited because of non-idealities. Accord-
ingly, transmitters and calibration methods that support a
wider range ol non-idealities to increase the yield and the
operating temperature range of the transmitters are needed

SUMMARY

Various examples are described for increasing the yield
and/or operating temperature range of transmaitters.

One example method includes for each temperature of a
plurality of temperatures: iteratively configuring a coarse
capacitor array in the transmitter by iteratively setting a
coarse capacitor array code for the coarse capacitor array at
that temperature, the coarse capacitor array corresponding to
an oscillator in the transmitter, the oscillator corresponding
to a resonator in the transmitter; 1iteratively configuring a fine
capacitor array in the transmitter for each of the iteratively
set coarse capacitor array codes at that temperature by
sweeping through fine capacitor array codes for the fine
capacitor array to identily a fine capacitor array code that
reduces frequency oflset at that coarse capacitor array code
at that temperature, the fine capacitor array corresponding to
the oscillator; determining a slope of frequency correspond-
ing to the resonator for each of the iteratively set coarse
capacitor array codes at that temperature; and measuring a
temperature sensor output corresponding the transmitter at
that temperature; and using at least the identified fine
capacitor array codes, the determined slopes of frequency
corresponding to the resonator, and the measured tempera-
ture sensor outputs to calibrate the transmitter.

Another example method includes obtaining a tempera-
ture of an oscillator 1n a transmitter, the oscillator corre-
sponding to a resonator in the transmitter; determining a
frequency drift corresponding to the oscillator at the tem-
perature based at least in part on a linear term corresponding,
to the temperature and a temperature shift; generating a
temperature compensation signal based at least in part on the
frequency drift; generating a data modulation signal based at
least 1n part on a modulation scheme; tuning a capacitor
array corresponding to the oscillator based at least in part on
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the temperature compensation signal and the data modula-
tion signal; and after tuning the capacitor array correspond-

ing to the oscillator, generating, by the oscillator, a modu-
lated RF signal within a threshold frequency driit.

One example system includes a resonator; a Pierce oscil-
lator corresponding to the resonator; a split capacitor array
corresponding to the Pierce oscillator; a temperature sensor;
a memory; and a processor communicatively coupled to the
Pierce oscillator, the split capacitor array, the temperature
sensor, and the memory. In examples, the split capacitor
array comprises: a first capacitor array coupled to a first side
of the Pierce oscillator, the first capacitor array comprising
a first fine capacitor array;, and a second capacitor array
coupled to a second side of the Pierce oscillator opposite the
first side, the second capacitor array comprising a second
fine capacitor array. In examples, the processor 1s configured
to receive executable instructions from the memory which,
when executed by the processor, cause the processor to:
obtain a temperature from the temperature sensor; determine
a frequency driit corresponding to the Pierce oscillator at the
temperature based at least 1n part on a linear term corre-
sponding to the temperature and a temperature shift; gener-
ate a temperature compensation signal based at least 1n part
on the frequency drift; generate a data modulation signal
based at least in part on a modulation scheme; generate a
tuning signal based at least mn part on the temperature
compensation signal and the data modulation signal; and
output the tuning signal to at least one of the first fine
capacitor array or the second fine capacitor array.

One example non-transitory computer-readable medium
includes processor-executable instructions configured to
cause a processor to obtain a temperature of an oscillator 1n
a transmitter, the oscillator corresponding to a resonator 1n
the transmitter; determine a frequency driit corresponding to
the oscillator at the temperature based at least i part on a
linear term corresponding to the temperature and a tempera-
ture shift; generate a temperature compensation signal based
at least 1n part on the frequency drit; generate a data
modulation signal based at least 1n part on a modulation
scheme; tune a capacitor array corresponding to the oscil-
lator based at least 1n part on the temperature compensation
signal and the data modulation signal; and after tuning the
capacitor array corresponding to the oscillator, cause the
oscillator to generate a modulated RF signal within a thresh
old frequency dnfit.

These 1llustrative examples are mentioned not to limit or
define the scope of this disclosure, but rather to provide
examples to aid understanding thereof. Illustrative examples
are discussed in the Detailed Description, which provides
turther description. Advantages offered by various examples
may be further understood by examining this specification.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are imcorporated 1nto
and constitute a part of this specification, illustrate one or
more certain examples and, together with the description of
the example, serve to explain the principles and implemen-
tations of the certain examples.

FIG. 1 shows computing devices located 1n proximity to
a beacon according to an example.

FIG. 2 shows a schematic diagram of a transmitter accord-
ing to an example.

FIG. 3 1llustrates an advertisement packet according to an
example.

FIGS. 4A, 4B, and 4C illustrate oscillators according to
examples.
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FIG. 5§ shows an example method of temperature com-
pensation according to an example.

FIG. 6 shows an example method of calibrating a device
according to an example.

FIG. 7 shows an example measurement table for the
example method shown in FIG. 6 according to an example.

FIG. 8 shows an example measurement table for the
example method shown 1n FIG. 6 according to an example.

FIG. 9 shows an example table of variables and values for
registers corresponding to the example method shown in
FIG. 6 according to an example.

FIG. 10 shows an example Pierce oscillator with a split
capacitor array according to an example.

FIG. 11 shows an example chart comparing a single
capacitor array to a split capacitor array according an
example.

DETAILED DESCRIPTION

Examples are described herein 1n the context of devices,
systems, and methods for increasing the yield and/or oper-
ating temperature range ol transmitters, such as BLE trans-
mitters. Those of ordinary skill in the art will realize that the
tollowing description 1s illustrative only and 1s not intended
to be 1 any way limiting. Reference will now be made in
detail to implementations of examples as illustrated 1n the
accompanying drawings. The same reference indicators will
be used throughout the drawings and the following descrip-
tion to refer to the same or like items.

In the interest of clarity, not all of the routine features of
the examples described herein are shown and described. It
will, of course, be appreciated that in the development of any
such actual implementation, numerous implementation-spe-
cific decisions must be made in order to achieve the devel-
oper’s specific goals, such as compliance with application-
and business-related constraints, and that these specific
goals will vary from one implementation to another and
from one developer to another.

Bluetooth continues to grow as the standard wire-replace-
ment protocol, and remains particularly attractive due to its
protocols designed for low power consumption. Specifically,
Bluetooth Low Energy (BLE), an extension of Bluetooth
technology, may be attractive in applications where low
power consumption may be advantageous.

In particular, BLE provides protocols for low power
devices to communicate with multiple other devices. For
example, consider a device that can be powered by one or
more batteries. Further, consider that the device may be used
in an application where replacing or recharging the one or
more batteries may not be easily achievable. Accordingly,
the device may be a low power device to preserve the charge
of 1ts power source. As such, the device may utilize BLE’s
protocols for communicating with other devices, such as
computing devices (e.g., phones, laptops, and wearable
computing devices). In an example, the low power device,
¢.g., a sensor, may utilize BLE protocols to transmit data
(e.g., sensor data) to a computing device.

FIG. 1 illustrates an example scenario 100 of a device
utilizing BLE protocols. The BLE protocols may be carried
out by a low power device 102 (also referred to herein as a
“beacon”), which may include a sensor. More specifically,
the beacon 102 may include a BLE device or module, which
may transmit and/or recerve a signal 104 according to BLE
protocols. The power source of a BLE device may be one or
more batteries. In some examples, the one or more batteries
may be the one or more batteries of the beacon 102 1n which

[ 1
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device can be a wired power source. Further, the beacon 102
may transmit, according to BLE protocols, the signal 104 to
the computing devices 106 and/or 108.

However, it should be understood that the arrangement for
the beacon 102 provided in FIG. 1 1s for purposes of
illustration only. For example, the beacon 102 may be
included 1 any device, such as a phone (1.e., computing
device), a digital television, a monitor, a tablet computer,
wearable computing devices, and/or a human-interface
device, among other possibilities. Further, in some
examples, the beacon 102 may transmit a signal 104 to more
than or fewer than two computing devices.

In scenario 100, each of the computing devices 106 and
108 may include a Bluetooth module, which may perform a
Bluetooth scan to search for other Bluetooth devices and/or
for signals from Bluetooth devices. In some examples, the
computing devices 106 and 108 may scan for Bluetooth
devices 1n order to pair with a Bluetooth device that 1s within
a range of the Bluetooth scan of the computing devices. In
other examples, at least one of the computing devices 106
and 108 may receive a signal from a Bluetooth device
without pairing with the Bluetooth device. For example, at
least one of the computing devices may receive a Bluetooth
signal, e.g., signal 104, from the beacon 102 without pairing
with the beacon 102.

Furthermore, scenario 100 may be a scenario where low
power consumption by the beacon 102 1s desirable. For
example, the power source of the beacon 102 may have
limited charge. In such a scenario, low power consumption
by the beacon 102 may be desirable to extend the life of the
power source. Generally, the power consumption of a BLE
device may be governed by the configuration of the BLE
device and/or the hardware of the BLE device. Accordingly,
the BLE devices disclosed herein may be described in
relation to at least decreasing power consumption.

The performance of the beacon 102 may be aflected by
external {factors, such as environmental factors. For
example, the performance of the beacon 102°s components
may vary with temperature. A change in the temperature of
the beacon 102 (e.g., due to environmental factors) may
aflect the frequency of the signal 104. More specifically, the
frequency of the signal 104 may drift from the frequency of
the channel on which the beacon 102 may be operable to
transmit the signal 104. The frequency of the channel on
which the beacon 102 may be operable to transmait the signal
104 may also be referred to herein as a “target frequency.”
Similarly, the channel on which the beacon 102 may be
operable to transmit the signal 104 may be referred to herein
as a “target channel.”

The frequency drift may cause interiference 1ssues as the
frequency of the signal 104 drifts into the frequency range
of other channels. Further, the computing devices 106 and
108 may be scanning the channel on which the beacon 102
may be operable to transmit the signal 104 in order to
receive the signal 104. The computing device 106 and 108
may not receive the signal 104 11 the frequency of the signal
104 dnifts from the frequency of the channels that the
computing devices 106 and 108 may be scanning.

Disclosed herein 1s a method of using open-loop tempera-
ture compensation to mitigate the effects that temperature
may have on the performance of the beacon 102. Tempera-
ture compensation may include calculating a compensation

signal that may be applied to the components of the beacon
102 such that the beacon 102 transmits the signal 104 at or
within a threshold of a target frequency.

Example Systems and Methods

FIG. 2 schematically illustrates a BLE transmitter 200
according to an example. In some examples, the BLE
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transmitter 200 may be included in other devices as a
Bluetooth module. For mstance, a BLE module may be
included 1n or coupled with the beacon 102 in scenario 100.
A device, such as beacon 102, that includes a BLE module
may be referred to as a “host device.” Accordingly, a BLE
module may receive instructions from a processor and/or a
memory of a host device. A controller of a BLE module may
interface with the host stack of its host device via a Host
Controller Interface (HCI). For example, the BLE transmiut-
ter 200 may receive a signal via the HCI, which may include
data that may be transmitted by the BLE transmuitter 200. In
some examples, the host stack and the controller of a BLE
module may be implemented on diflerent processors. In
other examples, the host stack and the controller of a BLE
module may be implemented on the same processor.

As 1llustrated n FIG. 2, the BLE transmitter 200 may
include a BLE packetizer 202, an oscillator 204, a pow-
ertrain 210, and an amplifier 206. The BLE transmaitter 200
may also include an antenna (not illustrated in FIG. 2).
Additionally and/or alternatively, the antenna may be part of
the host device. These components, as described herein, may
be used to transmit a signal 104 from the BLE transmuitter
200. Accordingly, in some examples, a BLE module
includes only BLE transmitter 200 as a communication
interface. Such a BLE module may operate solely as a
transmitter (also referred to herein as a “broadcaster”). For
instance, i scenario 100, the beacon 102, using the BLE
transmitter 200, may transmit a signal, which may be
received by the computing devices 106 and 108, without
pairing with or receiving a signal from the computing
devices.

In other examples, the BLE transmaitter 200 may operate
as a transmitter of a transceiver BLE device. A transceiver
BLE device may include components that may be used to
transmit and receive a signal. For instance, the transceiver
may include, along with the transmitter 200°s components
illustrated i FIG. 2, a low-noise amplifier (LNA), a mixer
(e.g., 1/Q mixer), a local oscillator (LLO), a variable gain
amplifier, filters (e.g., baseband filter), and an analog-digital-
converter (ADC). The transceiver may also include an
antenna that may be used to transmit and receive signals. For
instance, 1 scenario 100, the beacon 102, using a BLE
transceiver, may transmit a signal, which may be received by
the computing devices 106 and 108. The beacon 102 may
also receive a signal from the computing devices 106 and
108.

Returming to FIG. 2, the BLE packetizer 202 may receive
a signal via the HCI. As explained elsewhere herein, the
signal may originate from a processor of a host device.
Further, the received signal may include packet data that
may be included in the signal transmitted by the BLE
transmitter 200. The received signal may also include data
indicative of a configuration of the BLE module. For
example, the received signal may include parameters, such
as encryption parameters, modulation parameters, a mode of
operation of the BLE module, packet type, etc. The received
parameters may be used to configure the BLE module to
generate a signal, which may be transmitted by the antenna.

For instance, the signal received via the HCI may be
indicative of a mode of operation of the BLE module. Within
examples, the mode of operation may depend on the func-
tionality of the BLE module. In some examples, the func-
tionality of a BLE module may be predetermined and fixed,
as the BLE module may be used in a single application. In
other mstances, a user may provide an input indicative of the
mode of operation to the host computing device. In particu-

lar, the user may provide an input to an mput/output function
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of the computing device, possibly a graphical user-interface
(GUI), to specily the mode of operation.

In some examples, the modes of operation of the BLE
device 200 may include an advertising mode 1n which a BLE
advertising protocol 1s used to periodically transmit data
packets referred to as advertising packets (also referred to
herein as “‘advertisement packets™). Despite their name,
these data packets typically have no relation to “advertise-
ments” 1n the marketing sense of the word. Rather, such data
packets are referred to as advertising packets because they
may be used to announce various data to one or more other
devices capable of receiving the announcement. The adver-
tising packets may carry data indicative of the BLE device
200 (e.g., a umique 1dentification number (UID)). Alterna-
tively or additionally, advertising packets may carry data
indicative of or information from a device that may include
the BLE device 200 as a Bluetooth module. For example, the
host device may use advertising packets to possibly “pair” or
connect with another device.

In another example, a BLE module may use advertising
packets to advertise data, such as geographical data, which
may have been stored 1n a memory of its host device. In an
example, the beacon 102 may be used in scenario 100 as a
location beacon. Thus, the beacon 102 may use a BLE
module to broadcast a signal that may provide one of the
computing devices with precise geographical information.
In yet other examples, a BLE module may be used to
transmit advertising packets, which may include data that
may have been collected by the host device. For example,
the advertising packets may include meteorological data
gathered by a sensor of the host device.

Furthermore, 1n some instances, the mode of operation of
a BLE module may aflect 1ts power consumption. For
example, a BLE module may decrease 1ts power consump-
tion by using advertising protocols. Advertising protocols
may maintain the low power consumption of a BLE module
by periodically broadcasting a signal during certain time
intervals. During time intervals when a BLE module 1s not
broadcasting a signal, the BLE module may idle 1n a standby
mode. Alternatively, the BLE module may tum off Accord-
ingly, by turning on only when transmitting a signal in an
active transmit mode, a BLE module may decrease 1ts power
consumption, which may be advantageous for devices with
a linite power source. As such, advertising protocols are
designed to allow a BLE module to advertise data to one or
more computing devices while maintaining the low power
consumption.

Furthermore, BLE protocols include different types of
advertising packets. The advertising packet type may at least
specily a configuration of a BLE module. For instance, the
advertising packet type may specity whether the BLE mod-
ule 1s connectable and/or scannable. A connectable BLE
module may pair with another Bluetooth device, and a
scannable BLE module may transmit a data packet in
response to receiving a scan request from another Bluetooth
device. Furthermore, an advertising packet may be a
directed packet. A directed packet may include a BLE
module’s address and the receiver device’s address, whereas
an undirected packet may not be directed toward a particular
recelver.

In some examples, a BLE module may include only the
BLE transmitter 200 and, therefore, may not be able to
operate 1n a connectable configuration. Furthermore, the
transmitter 200 may not be able to receive scan requests
from other Bluetooth devices. Accordingly, in some
examples, a BLE module may operate in a non-connectable
and non-scannable configuration 1n order to decrease power
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consumption. However, in other examples, a BLE module

may 1nclude a transceiver. In such examples, the BLE
module may operate in a connectable and/or a scannable
configuration.

There can be other advantages to the BLE advertising
protocols 1n addition to low power consumption of a BLE
module operating 1n accordance with advertising protocols.
For example, 1n scenario 100, the computing devices 106
and 108 may discover Bluetooth devices located near the
computing device faster (and consuming less energy) using
advertising protocols than by using other protocols. As
described elsewhere herein, advertising protocols may use
three fixed channels of a wireless spectrum, e.g., the 2.4
GHz wireless spectrum. Thus, the computing devices 106
and 108 may detect other Bluetooth devices by only scan-
ning the three fixed channels, rather than scanming a broad
wireless spectrum, which may allow for receiving and
sending BLE advertisement packets faster than other proto-

cols.

Returning to FIG. 2, the BLE packetizer 202 may use the
data included 1n the signal received via the HCI to generate
a data signal, which may include one or more data packets.
Accordingly, the BLE packetizer 202 may receive mnstruc-
tions to generate a data signal including one or more data
packets according to the advertising protocol. Further, the
instructions may detail the type of advertising packet to
broadcast. For instance, as explained above, the type of
advertising packet may determine whether a BLE module 1s
connectable and/or scannable, and/or whether the packet 1s
directed. In an example, the BLE packetizer 202 may
receive data indicative of instructions to generate a data
signal that includes a non-connectable, non-scannable, and
undirected advertising packet. In another example, the BLE
packetizer 202 may receive data indicative of istructions to
generate a data signal that mcludes a scannable and undi-
rected advertising packet.

FIG. 3 illustrates an example advertising packet. In par-
ticular, an advertising packet 300 may, for example, take the
form of any advertising packets described above 1n relation
to the FIG. 1. In some additional embodiments, a Bluetooth
tag or a BLE module may communicate the advertisement
packet 300. As shown 1n FIG. 3, advertising packet 300 may
include preamble 302, access address 304, payload data unit
(PDU) 306 with 2 to 39 bytes, and cyclic redundancy check
(CRC) 308.

In addition, PDU 306 may include header 310 and adver-
tisement payload 312 with 6 to 37 bytes. Further, advertise-
ment payload 312 may include header 314, MAC address
316, and advertisement data 318 with up to 31 bytes. In an
example, the 31-byte space may contain sensor data that
may be communicated via the advertisement packet. Other
s1izes of the PDU 306 may be possible. For example, the
PDU 306 may include data greater than 39 bytes. Similarly,
any ol the components of the PDU 306 may include data
greater or less than the sizes described above. Further, the
CRC may include data codes which may detect any errors
that may occur in the PDU 306 during transmission. Further,
the header 314 may include a type of the PDU 306. The type
of PDU 306 may specily the type of the advertisement
packet. As explained above, the advertisement packet type
may be a non-connectable, scannable, and undirected packet
type. In various examples, other advertising packets and/or
additional advertising packets having a diflerent format than
discussed above with respect to FIG. 3 may be used. For
example, an advertising packet may be different in a future
BLE specification.
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Returning to FIG. 2, the oscillator 204 may generate an
RF carrier signal that may carry the data signal generated by
the BLE packetizer 202. The RF signal carrying the data
may then be broadcast by an antenna. As illustrated in FIG.
2, the oscillator 204 may be a free-running oscillator, which
may be used to directly generate an RF carrier signal. Thus,
a Iree-running oscillator may replace a frequency synthe-
sizer (e.g., Phase Locked Loop (PLL) synthesizer) to gen-
erate an RF carrier signal. Using a free-running oscillator
may result 1n considerable power savings as compared to
using a frequency synthesizer, which may be advantageous
for low power devices.

Further, both the turn-on time for the frequency synthe-
s1zer to lock to 1ts frequency reference and the turn-on time
of its frequency reference circuit may be significant com-
pared to the packet duration. Therefore, the turn-on time
(1.e., the time to go from sleep mode to active transmit mode)
for a transmitter using a frequency synthesizer may be
greater than a transmitter using a free-running oscillator. A
longer turn-on time may result 1n greater power dissipation.
Accordingly, using the free-running oscillator, which may
have a reduced turn-on time compared to a frequency
synthesizer, may result in further power savings.

The free-running oscillator may directly generate the RF
carrier signal, which may have a frequency within a wireless
spectrum, e.g., the 2.4 GHz wireless spectrum. Within
examples, the free-running oscillator may directly generate
an RF carrier signal that has a frequency of one of the three
channels in the 2.4 GHz band that are allocated to BLE
advertising protocols according to Bluetooth specifications.

The three “advertisement channels™ are specified as 1 MHz
wide channels with frequencies of 2.402 GHz, 2.480 GHz,
and 2.426 GHz.

Note that the example oscillator provided 1n FIG. 2 and
the accompanying description herein 1s for illustrative pur-
poses only and should not be considered limiting. For
instance, the transmitter 200 may include more than one
free-running oscillator. In an example, the BLE transmitter
200 may 1include three free-runming oscillators, each of
which may be used to generate a carrier signal at a frequency
of the three BLE channels. In such examples, the BLE
transmitter 200 may utilize methods such as multichannel
transmission and frequency hopping.

Within examples, the free-running oscillator 204 may
include a Pierce oscillator circuit or a Colpitts oscillator
circuit. The oscillator 204 may include a transistor, a biasing
resistor, capacitors, and a resonator. The resonator, which
may be located off of the IC of the BLE transmitter 200, may
be used as a filter to filter the oscillation frequency. Further,
the total capacitance of the capacitors in the oscillator 204,
as seen by the resonator, may be referred to as the “load
capacitance.” The load capacitance may affect how far the
oscillator loop 1s resonating, relative to the desired resonant
frequency. Accordingly, selectively choosing the resonator,
which may have a specific load capacitance requirement,
may determine the oscillation frequency.

Within examples, the resonator 1n the oscillator 204 may
be a thin-film bulk acoustic resonator (FBAR). In other
examples, the resonator (such as an FBAR resonator) may
be a separate component from oscillator 204. In these
examples, the resonator can be coupled to oscillator 204. An
FBAR resonator may include a piezoelectric thin film
between two metal layers. FBAR resonators are high-Q)
resonators that may have a stable and a low phase-noise
center frequency, which may be the oscillation frequency.
Within examples, FBAR resonators may have a Q of several

hundred. In other examples, FBAR resonators may have an
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(unloaded) Q@ of over two thousand. Further, temperature
compensation may be used to maintain the center frequency
of the FBAR resonator at the frequency of the wireless
channel.

Note that the example resonator discussed above 1s for
illustrative purposes only and should not be considered
limiting. For instance, the resonator may be any resonator
that may be a hugh frequency resonator, which may provide
an oscillation frequency with a stability and an accuracy that
may meet Bluetooth standards. In other examples, the reso-
nator may be a crystal resonator. In yet another example, the
resonator may be a quartz resonator.

As noted above, the RF carrier signal generated by the
oscillator 204 may be used to carry the data signal generated
by the BLE packetizer 202. More specifically, the data signal
generated by the BLE packetizer 202 may act as a tuning
code, which may have a specific symbol rate. Further, the
tuning code may be used to directly modulate the RF carrier
signal. Accordingly, the modulated RF carrier signal may
carry the data signal generated by the BLE packetizer 202.
Within examples, the tuming code may modulate the RF
carrier signal according to at least BLE protocols.

For mstance, BLE protocols specily using Gaussian Fre-
quency Shift Keying (GFSK) as the modulation scheme to
modulate the RF carrier signal. Accordingly, the tuning code
may be used to modulate the RF carrier signal to two
different Irequencies of the same advertising channel
according to GFSK. Additionally and/or alternatively, the
tuning code may be used to modulate the RF carrier signal
to two different frequencies of the same advertising channel
according to Binary Frequency Shift Keying (BFSK). The
oscillator 204 may include a bank or an array of switched
capacitors, which may be used to adjust the load capacitance
of the oscillator 204. As explained above, adjusting the load
capacitance of the oscillator 204 may adjust the oscillation
frequency. The digital data signal, indicative of digital “0”
and “1,” may be used to moditly the load capacitance of the
oscillator 204, such that the oscillator 204 may generate a
modulated signal of two frequencies, one of which corre-
sponds to digital “0” and the other to digital “1.”

The modulated RF signal, carrying the data signal, may be
transmitted to a power amplifier 206 as 1llustrated in FIG. 2.
In this example, the power amplifier 1s a class-D power
amplifier, however, any suitable power amplifier may be
used according to various examples. However, also note that
at least a portion of the modulated signal may be transmaitted
to a prescaler 208. The prescaler 208 may scale the signal
and provide the scaled signal to the BLE packetizer 202,
where 1t may be used as a clock source. For instance, the
prescaler 208 may scale down the 2.48 GHz signal to a 1
MHz or 8 MHz signal. By using a portion of the carrier
signal as a clock source for the BLE packetizer 202, there
may be no need for a separate tlmmg source for the BLE
packetizer 202, thereby further increasing power savings.

Furthermore, as illustrated in FIG. 2, the modulated RF
carrier signal may be amplified using the class-D power
amplifier 206. The amplified signal may then be transmitted
to the antenna (represented as “RF” in FIG. 2) where 1t may
be broadcast over the air. As explained above, 1n some
examples, a BLE module may be operating in an advertising
mode, which mvolves the BLE module periodically trans-
mitting advertising packets. Accordingly, the broadcast RF
signal may include advertisement packets, which may be
received by one or more Bluetooth devices.

A BLE module may be powered by the powertrain 210.
The powertrain may include a low dropout regulator (LDO)
228, a power on reset (PoR) 222, a bandgap voltage refer-
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ence (Bandgap) 226, and a real-time clock (RTC) 224. Note
that the RTC 224 may have a low frequency and may operate
without a crystal reference, as the BLE packetizer 202 may
use a signal from the oscillator 204 as explained above.

FIGS. 4A and 4B 1llustrate example oscillator circuits for
use 1n a BLE module. For example, the example oscillator
circuits depicted 1n FIGS. 4A and 4B may serve as oscillator
204 in the BLE transmitter 200 depicted in FIG. 2, which
may or may not operate 1n the connectable configuration
(e.g., capable of pairing with another Bluetooth device)
and/or the scannable configuration (e.g., broadcasting an
advertising packet 1n response to receiving a scan request
from another Bluetooth device).

In particular, F1G. 4 A 1llustrates a Pierce oscillator circuit
400. The Pierce oscillator circuit 400 may include a reso-
nator 402, a transistor 404, capacitors C1 406 and C2 408,
and a biasing resistor 410. As discussed above with respect
to FIG. 2, the resonator 402 may be an FBAR resonator that
oscillates at an RF frequency. In other examples, the reso-
nator may be any resonator that may be a high frequency
resonator, which may provide an oscillation frequency with
a stability and an accuracy that may meet Bluetooth stan-
dards, such as a crystal resonator. While the transistor 404 1s
depicted 1n FIG. 4A as a metal-oxide-semiconductor field-
ellect transistor (IMOSFET), the transistor 404 may be any
type of amplifying transistor. In some examples, the tran-
sistor 404 may include more than one transistor and/or may
take the form of an operational amplifier.

As depicted in FI1G. 4 A, a Pierce oscillator circuit includes
a p1-network feedback circuit arrangement. In this arrange-
ment, one terminal of the resonator 402 1s connected to
capacitor C1 406, and the other terminal of the resonator 402
1s connected to capacitor C2 408, while capacitors C1 406
and C2 408 are coupled to ground In operation, the FBAR
resonator 402 may appear inductive at frequencies diflerent
from 1its resonant frequency, and the oscillation frequency of
the FBAR resonator 402 may be adjusted by varying 1ts load
capacitance. Accordingly, by varying the capacitance of
capacitors C1 406 and C2 408 the load capacitance of the
FBAR resonator 402 may be varied, and, consequently, the
oscillation frequency of the Pierce oscillator circuit 400 may
be varied as well.

As noted above with respect to FIG. 2, the data signal
generated by the BLE packetizer 202 may act as a tuning
code that may be used to directly modulate an RF signal
generated by the Pierce oscillator circuit 400, such that the
modulated RF signal may carry the data signal generated by
the BLE packetizer 202. Within examples, the tuning code
may modulate the RF signal generated by the Pierce oscil-
lator circuit 400 according to at least BLE protocols.

For mstance, the tuning code may be used to modulate the
RF signal to two different frequencies of the same advertis-
ing channel according to GFSK. Additionally and/or alter-
natively, the tuning code may be used to modulate the RF
signal to two different frequencies of the same advertising,
channel according to BFSK. In some examples, the capaci-
tors C1 406 and C2 408 may each represent a bank of
switched capacitors, which may be used to adjust the load
capacitance of the FBAR resonator 402. As explained above,
adjusting the load capacitance of the FBAR resonator 402
may adjust the oscillation frequency of the Pierce oscillator
circuit 400. The digital data signal, indicative of digital “0”
and “1,” may be used to modity the load capacitance of the
FBAR resonator 402, such that the Pierce oscillator circuit
400 may generate a modulated signal of two frequencies,
one ol which corresponds to digital “0” and the other to
digital “1.”
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FIG. 4B 1llustrates a Colpitts oscillator circuit 420. Simi-
lar to the Pierce oscillator circuit 400, the Colpitts oscillator

circuit 420 may include a resonator 422, a transistor 424,
capacitors C1 426 and C2 428, and a biasing resistor 430. As
discussed above with respect to FIG. 2, the resonator 422
may be an FBAR resonator that oscillates at an RF 1re-
quency. In other examples, the resonator may be any reso-
nator that may be a high frequency resonator, which may
provide an oscillation frequency with a stability and an
accuracy that may meet Bluetooth standards, such as a
crystal resonator. While the transistor 424 1s depicted in FIG.
4B as a MOSFET, the transistor 424 may be any type of
amplifying transistor. In some examples, the transistor 424
may include more than one transistor and/or may take the
form of an operational amplifier.

As depicted 1n FIG. 4B, a Colpitts oscillator circuit 420
includes a capacitive voltage divider feedback circuit
arrangement. In this arrangement, capacitors C1 426 and C2
428 are coupled 1n series to form a voltage divider. One
terminal of the resonator 422 1s connected to the transistor
424, and the other terminal of the resonator 422 1s connected
to ground. In operation, the FBAR resonator 422 may appear
inductive at frequencies different from 1ts resonant fre-
quency, and the oscillation frequency of the FBAR resonator
422 may be adjusted by varying its load capacitance.
Accordingly, by varying the capacitance of capacitors C1
426 and C2 428 the load capacitance of the FBAR resonator
422 may be varnied, and, consequently, the oscillation fre-
quency of the Colpitts oscillator circuit 420 may be varied
as well.

As noted above with respect to FIG. 2, the data signal
generated by the BLE packetizer 202 may act as a tuning
code that may be used to directly modulate an RF signal
generated by the Colpitts oscillator circuit 420, such that the
modulated RF signal may carry the data signal generated by
the BLE packetizer 202. Within examples, the tuning code
may modulate the RF signal generated by the Colpaitts
oscillator circuit 420 according to at least BLE protocols.

For mstance, the tuning code may be used to modulate the
RF signal to two different frequencies of the same advertis-
ing channel according to GFSK. Additionally and/or alter-
natively, the tuning code may be used to modulate the RF
signal to two diflerent frequencies of the same advertising
channel according to BFSK. In some examples, the capaci-
tors C1 426 and C2 428 may be a bank of switched
capacitors, which may be used to adjust the load capacitance
of the FBAR resonator 422. As explained above, adjusting
the load capacitance of the FBAR resonator 422 may adjust
the oscillation frequency of the Colpitts oscillator circuit
420. The digital data signal, indicative of digital “0” and “1,”
may be used to modily the load capacitance of the FBAR
resonator 422, such that the Colpitts oscillator circuit 420
may generate a modulated signal of two frequencies, one of
which corresponds to digital “0”” and the other to digital “1.”

FI1G. 4C 1llustrates an oscillator circuit 440 that includes
four capacitor arrays (which are represented in FIG. 4A as
capacitors 406 and 408, and 1n FIG. 4B as capacitors 426
and 428). In an example, two capacitor arrays may be “right”
capacitor arrays that are connected to the right side of the
FBAR 442. Further, the other two capacitor arrays may be
“left” capacitor arrays that are connected to the left side of
the FBAR 442. For example, the capacitor arrays 444 and
446 may be right capacitor arrays, and the capacitor arrays
448 and 450 may be leit capacitor arrays. Further, two of the
capacitor arrays may be fine capacitor arrays, and two of the
capacitor arrays may be coarse capacitor arrays. For
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example, the capacitor arrays 444 and 448 may be fine
capacitor arrays, and the capacitor arrays 446 and 450 may
be coarse arrays.

In an example, the coarse capacitor arrays 446 and 450
may have a larger tuning step than the fine capacitor arrays
444 and 448. For example, coarse capacitor arrays 446 and
450 may have a tuning step of 40 ppm and fine capacitor
arrays may have a tuming step of 5 ppm. Further, the coarse
capacitor arrays 446 and 450 may have a larger tuning range
than the fine capacitor arrays 444 and 448. For example,
coarse capacitor arrays 446 and 450 may have a tuning range
ol 1400 ppm and fine capacitor arrays 444 and 448 may have
a tuning range of 700 pm. As such, the coarse capacitor
arrays 446 and 450 may be switched on or off to quickly tune
the frequency of the signal generated by the FBAR to a
frequency near the target frequency (e.g., 2.402 GHz, 2.480
GHz, or 2.426 GHz). The fine capacitor arrays 444 and 448
may be switched on or off to tune the frequency of the signal
generated by the FBAR to the target frequency.

Note that the example oscillator circuits provided 1n
FIGS. 4A, 4B, and 4C and the accompanying description
herein 1s for illustrative purposes only and should not be
considered limiting. For instance, the oscillator circuits may
include additional and/or alternative components than
depicted. Further, Pierce and Colpaitts oscillator circuits may
take various forms, and the BLE devices described herein
should not be limited to the depicted oscillator circuit
configurations. For example, 1n some examples, the Colpitts
oscillator circuit 420 may include a bipolar junction tran-
sistor (BJT) arranged in a common base configuration.

In some examples, an oscillator, such as oscillator 204 of
BLE transmitter 200 depicted in FIG. 2, may include three
Pierce oscillator circuits 400, each of which may be used to
generate a carrier signal at a frequency of one of the three
BLE channels. In some examples, an oscillator, such as
oscillator 204 of BLE transmitter 200 depicted in FIG. 2,
may include three Colpitts oscillator circuits 420, each of
which may be used to generate a carrier signal at a frequency
of one of the three BLE channels.

In examples where the BLE transmitter 200 includes more
than one of the Pierce oscillator circuits 400 or Colpitts
oscillator circuits 420, the BLE transmitter 200 may modu-
late each of the RF carrier signals generated by the Pierce
oscillator circuits 400 or Colpitts oscillator circuits 420 to
carry the data signal generated by the BLE packetizer 202.
In this manner, the data signal generated by the BLE
packetizer 202 may be concurrently broadcast on each of the
RF carrier signals. In one example, the data signal generated
by the BLE packetizer 202 may be concurrently broadcast
on all three BLE channels.

In other examples where the BLE transmitter 200 includes
more than one of the Pierce oscillator circuits 400 or Colpatts
oscillator circuits 420, the BLE transmitter 200 may modu-
late one or two of the RF carrier signals generated by the
Pierce oscillator circuits 400 or Colpitts oscillator circuits
420 to carry the data signal generated by the BLE packetizer
202. In this manner, the data signal generated by the BLE
packetizer 202 may be broadcast on only one of the three
BLE channels or concurrently broadcast on two of the three
BLE channels.

Still 1n other examples where the BLE transmitter 200
includes more than one of the Pierce oscillator circuits 400
or Colpitts oscillator circuits 420, the BLE transmitter 200
may employ time division multiplexing (1 DM) to modulate
the RF carrier signals generated by the Pierce oscillator
circuits 400 or Colpitts oscillator circuits 420 to carry the
data signal generated by the BLE packetizer 202. In this
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manner, the data signal generated by the BLE packetizer 202
may be carried on a first RF signal (e.g., a 2.402 GHz signal)
for a given amount of time, then carried on a second RF
signal (e.g., a 2.480 GHz signal) for a given amount of time,
and then carried on a third RF signal (e.g., a 2.426 GHz
signal) for a given amount of time. Note that, 1n some
examples, TDM may be used to carry the data signal on
more or fewer than three RF signals.

As noted, reducing the size and power consumption of a
BLE module allows for longer operation and more versatile
applications and/or uses. Accordingly, it may be advanta-
geous to generate multiple earner signals with a single
oscillator circuit.

In one 1illustrative example, a Bluetooth Low Energy
(BLE) transmitter provides power savings compared to
traditional Bluetooth transmitters by using a free-running
oscillator (such as a Pierce oscillator with an FBAR) to
generate an RE signal instead of a crystal oscillator and
phase lock loop (PLL). Thus, in some examples, the BLE
transmitter has an FBAR oscillator, does not have a crystal
oscillator and does not have a PLL.

An FBAR oscillator has a tuning range/power consump-
tion trade-ofl that can result 1n a power penalty as operating,
temperature range 1s widened. Widening the operating tem-
perature range of a transmitter having an FBAR oscillator
thus results 1n an increased tuning range requirement, and
thus increases the amount of power needed to tune the
FBAR to the desired frequency. However, techniques
described herein may reduce the required tuning range of the
FBAR oscillator. To 1llustrate the 1ssue, tuning ranges for an
FBAR across several temperature ranges according to one

example are shown below in Table 1.

TABLE 1
Exemplary Required
Tmz'n (C) Tm.:u: (C) Tll]fli]flg Rﬂﬂgﬁ (ppm)
0 70 231
0 83 306
-20 105 462

Referring now to FIG. 5, this figure shows an example
method 500 of temperature compensation for an FBAR-
based BLE transmitter. Method 500 may be performed any
suitable device according to this disclosure. For example,
method 500 can be performed by a transmitter or any
Bluetooth device described herein. In some examples,
method 500 may be performed by a Bluetooth beacon, such
as beacon 102, and/or a transmitter, such as BLE transmaitter
200, to facilitate compensation of a temperature coetlicient
ol a resonator.

In one example, method 500 may be carried out by the
beacon 102 to facilitate compensation of the temperature
coellicient ('TC) of the resonator. As such, method 500 may
compensate for the effects of temperature on the oscillator
204 and/or on other components of the BLE transmuitter 200.
Within examples, the oscillator 204 may be one or more of
the oscillator circuits described 1n relation to FIG. 4A, 4B,
4C, or 14. Accordingly, one or more Pierce oscillator circuits
with one or more FBAR resonators may generate the RF
signals.

In examples, method 500 compensates for the eflects of
temperature on an oscillator, such as the Pierce oscillator
described herein with respect to FI1G. 10. In some examples,
method 500 compensates for the effects of temperature on an
oscillator, such as an oscillator described herein, and/or
other components of a transmitter, such as components of
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BLE transmitter 200. In some examples, the oscillator 1s one
or more of the oscillator circuits described with respect to
FIG. 4A, 4B, or 4C. In some examples, the oscillator 1s a
Pierce oscillator with a split capacitor array, such as the
Pierce oscillator shown herein in FIG. 10. In examples, one
or more Pierce oscillator circuits with one or more FBAR
resonators may generate RF signals.

Method 500 1s described as being performed by a BLE
transmitter using one or more BLE protocols. In particular,
method 500 may be carried out or implemented by one or
more of devices, such as the Bluetooth devices described
herein. For example, the method 500 may be carried out by
the beacon 102 to facilitate compensation of the temperature
coellicient (TC) of the resonator. As such, the method 500
may compensate for the eflects of temperature on the
oscillator 204 and on other components of the BLE trans-
mitter 200. Within examples, the oscillator 204 may be one
or more of the oscillator circuits described in relation to
FIGS. 4A, 4B, and 4C. Accordingly, one or more Pierce
oscillator circuits with one or more FBAR resonators may
generate the RE signals. In various examples, method 500
may be performed by other devices and/or using other
protocols.

In some examples, method 300 1s performed by pack-
ctizer 202 of beacon 102. The packetizer 202 may generate
a tuning signal that may be indicative of packet data and a
modulation scheme. Such a tuning signal may be used to
tune oscillator 204 such that the oscillator 204 generates a
modulated RF signal oscillating at or near a target frequency.
In some examples, packetizer 202 may perform at least part
of method 500 such that a tuning signal generated by
packetizer 202 1s indicative of a modulation scheme, packet
data, and/or a temperature compensation signal. In
examples, temperature can aflect the performance of BLE
transmitter 200 and packetizer 202 can generate a tuning
code that may be used to tune oscillator such that oscillator
204 generates a modulated RF signal with a frequency at or
near a target frequency.

In block 510 of method 500, a first frequency drift 1s
calculated. In one example, the first frequency drift corre-
sponds to an oscillator at a current temperature. The current
temperature may be measured by a temperature sensor in
beacon 102.

In one example, the first frequency drift may be a qua-
dratic approximation of a frequency drift of an oscillator at
a current temperature. The frequency driit may be indicative
of the frequency drift due to the eflect of temperature on the
resonator and/or the components of the BLE transmutter 200.
The quadratic approximation of the frequency drift may be
calculated according to the following formula:

F(D=f(TOT)-P(Z-TOTY’

In this approximation, the linear term 1s a function of the
turnover temperature (1'OT) of the resonator. T 1s the current
temperature and 3 the gain coeflicient. The turnover tem-
perature (1OT) may be the temperature at which the oscil-
lator 1s operable to generate 1ts highest frequency. In an
example, TOT and p may be received from one or more
registers of the processor or from the memory of beacon
102. TOT and B may be predetermined using a calibration
technique described herein.

In examples, an additional linear term 1s provided to help
enable support of a wider range of temperature non-i1deali-
ties. For example, in one example, a first frequency drift
corresponding to an oscillator at a current temperature 1s
determined according to the following formula:

F(IO=f(TOT)-a(T- T i)~ P(I- Tshw)z
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In this formula, T 1s a current temperature corresponding to
an oscillator, TOT 1s a turnover temperature corresponding
to a resonator, o 1s a positive or negative linear term, T, 5
1s a temperature shift, and 3 1s a gain coeflicient. In an
example, TOT, a, and/or 3 may be recerved from one or
more registers of the processor or from the memory of
beacon 102. TOT, o, and/or 3 may be predetermined using,
a calibration technique described herein. Moreover, as
shown 1n the formula above, frequency drift estimation for
temperature compensation can be based on a linear term as
a function of temperature and/or a second order term as a
function of temperature.

In examples, the turnover temperature (1TOT) 1s the tem-
perature at which the oscillator 1s operable to generate its
highest frequency. In examples, the turnover temperature
(TOT), positive or negative linear term (o), temperature
shift (1,,,,), and/or the gain coethicient (f3) 1s received from
one or more registers of a processor and/or from a memory
in a transmitter. In some examples, the turnover temperature
(TOT), positive or negative linear term (T ,,5), temperature
shift (T,,,5), and/or the gain coellicient () are predeter-
mined using a calibration method, such as a calibration
method described hereimn. For example, compensation
parameter(s) used in method 500 may be determined using,
calibration method 600 described herein with respect to FIG.
6. Such predetermined parameters may be referred to herein
as “‘compensation parameters.”

In examples, the current temperature (1) 1s measured by
a temperature sensor. For example, a CMOS temperature
sensor 1n a transmitter (such as BLE transmitter 200) can
measure the current temperature. In examples, a temperature
compensation module (such as a temperature compensation
module 1 packetizer 202) calculates the first frequency driit.
For example, the temperature compensation module may
determine a first frequency drift of an RF signal that could
be generated by an oscillator at the current temperature.

In examples, a transmitter (such as BLE transmitter 200)
periodically turns on to transmit a signal which may include
an advertisement packet. In some of these examples, an
oscillator 1n the transmitter may generate an RF signal
during period(s) when the transmitter 1s turned on to trans-
mit the signal. In some examples, a temperature compensa-
tion module calculates the first frequency drift while the
oscillator 1s on. In other examples, a temperature compen-
sation module calculates the first frequency drift while the
oscillator 1s off. In some of these examples, the temperature
compensation module can calculate the first frequency driit
based on an RF signal that the oscillator would be capable
ol generating 11 the oscillator was on.

In examples, the first frequency drift corresponds to a
frequency drift due to the eflect of temperature on compo-
nent(s) of BLE transmitter 200. For example, the first
frequency drift can correspond to the eflect of temperature
on a resonator and/or other components 1n a transmitter.

Referring back to method 500, in block 520 a first signal
corresponding to temperature compensation data 1s gener-
ated. In some examples, such a first signal may be referred
to herein as a temperature compensation signal. In examples,
the first signal 1s based at least in part on the first frequency
drift calculated in block 510. For example, a temperature
compensation module may generate a temperature compen-
sation signal to compensate for the effect of temperature on
the performance of beacon 102. The temperature compen-
sation signal may depend on the first frequency driit.

In one example, the temperature compensation signal 1s
configured to cause oscillator 204 to generate a frequency
within a threshold of a target frequency. For example, the
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threshold may be a £5 ppm difference between a frequency
that could be generated by the oscillator at the current
temperature and the target frequency. In examples, a tem-

perature compensation signal 1s determined according the
following formula:

2
. b # (Dgmp — TOT)
726

where {3 1s a gain coeflicient, TOT 1s a turnover tempera-
ture corresponding to a resonator, and D, , 1s the current
temperature measured from a temperature sensor.

Referring back to method 500, in block 530 a second
signal corresponding to packet data and/or a modulation
scheme 1s generated. In some examples, such a second
signal may be referred to herein as a data modulation signal.
In some examples, packet data 1s received by packetizer 202
from a Host Controller Interface (HCI). For example, a
serializer in packetizer 202 may receive packet data from the
HCI. In some examples, the seralizer generates a bitstream
corresponding to the packet data. The process of converting
packet data into a bit stream may be referred to as serial-
ization. In examples, a whitener may receive the bit stream
generated by a serializer and can whiten the bit stream (such
as by mtroducing a pseudorandom element into the bat
stream which may improve the balance of 0 bits and 1 bits
of the bit stream).

A Gaussian Frequency Shift Keying (GFSK) module may
receive the whitened bit stream from the whitener. The
GFSK module may filter the bit stream using a Gaussian
filter. In one example, parameters of the Gaussian filter can
be set according to a GFSK modulation scheme specified in
a Bluetooth and/or BLE core specification.

A multiply module can receive the filtered bit stream from
the GFSK module. The multiply module may also receive a
signal “DELTA (A).” A may be recerved from one or more
registers of a processor or from a memory of beacon 102. A
may be a predetermined code indicative of a frequency
deviation between two frequencies of a GFSK modulation
scheme. A can be a compensation parameter determined
using a calibration process. The multiply module may mul-
tiply the filtered bit stream by A to set a frequency deviation
between the frequency associated with the O bits and the
frequency associated with the 1 bits of the bit stream. For
example, the frequency deviation may be 200 ppm. As such
an output signal of the multiply module may be indicative of
the modulation scheme and the packet data. In one example,
the output of the multiply module may be:

Multiply g, ~GFSK *A

Cuitpuit

In this example, the output can be the second signal of block
540.

Referring back to method 500, 1n block 540 a first tuning,
signal 1s generated. In examples, the first tuning signal 1s
based at least in part on the first signal and the second signal.
In some examples, the first tuning signal 1s based on the first
signal, the second signal, and/or a predetermined signal.

A sum module may receive the first signal corresponding
to temperature compensation data, the second signal corre-
sponding to packet data and/or a modulation scheme, and the
predetermined signal. The predetermined signal may be an
oflset signal corresponding to an offset for one or more
capacitor arrays. The predetermined signal that can be
retrieved from one or more registers or from a memory of
beacon 102. In one example, the predetermined signal can
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be a compensation parameter determined using a calibration
processor. In examples, the predetermined signal can corre-
spond to one or more oflsets associated with one or more
fine capacitor arrays (such as fine capacitor array 1030
and/or fine capacitor array 1070 1in FIG. 10).

In examples, the first tuning signal corresponds to a
modulation scheme, packet data, a temperature compensa-
tion signal, and/or a fine capacitor oflset for a fine capacitor
array. The fine capacitor offset may be determined using a
calibration method.

In examples, the first tuning signal can be generated at
least 1n part by combining the temperature compensation
signal and the data modulation signal. For example, the
temperature compensation signal and the data modulation
signal may be added together, such as 1n the digital domain
or 1n the capacitance domain.

Referring back to method 500, 1n block 550 one or more
capacitor array(s) are tuned. For example, the first tuning
signal generated 1n block 540 can be output to one or more
capacitor arrays to tune the capacitor arrays. The capacitor
array may be coupled to the oscillator.

In some examples, more than one tuning signal can be
output to various capacitor arrays. For example, a first
tuning signal may be output to a first capacitor array coupled
to an oscillator to tune the first capacitor array and a second
tuning signal 1s output to a second capacitor array coupled
to the oscillator to tune the second capacitor array. As
another example, referring to FIG. 10, a first tuning signal
may be output to a first fine capacitor array 1030 and/or a
second fine capacitor array 1070, and a second tuning signal
can be output to a first coarse capacitor array 1020 and/or a
second coarse capacitor array 1060. In one example, a first
tuning signal 1s output to fine capacitor array 1030, a second
tuning signal 1s output to fine capacitor array 1070, a third
tuning signal 1s output to coarse capacitor array 1020, and a
fourth tuning signal 1s output to coarse capacitor array 1060.

A tuning signal output to a fine capacitor array may
correspond to at least a temperature compensation signal
(which may have temperature compensation data) and a data
modulation signal (which may have packet data and/or a
modulation scheme) 1n various examples. A tuning signal
output to a coarse capacitor array may be configured to
process tune the coarse capacitor array. For example, a
tuning signal to a coarse capacitor array can be configured
to tune the coarse capacitor array to compensate for process
variations.

In some examples, the oscillator generates a modulated
RF signal that has a second frequency driit that 1s less than
a threshold after the capacitor array(s) have been tuned. The
modulated RF signal can correspond to packet data. In one
example, the threshold of the second frequency drift may
be £5 ppm. Other thresholds can be used in various
examples.

Referring now to FIG. 6, this shows an example method
600 of calibrating a device according to an example. Method
600 may be performed one or more devices, such as a
transmitter. For example, method 600 may be performed by
a Bluetooth Low Energy (BLE) transmitter.

In examples, method 600 1s used to determine compen-
sation parameters for a device. For example, method 600
may be performed to determine compensation parameters
used to calibrate one or more devices, such as the Bluetooth
devices described herein. In some examples, testing and/or
calibration equipment can be used to perform at least some
of the steps ol method 600 to calibrate one or more beacons.

For example, 1n order to measure the frequency of an RF
signal generated during a calibration process, an off-chip
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istrument such as a spectrum analyzer, a high-speed oscil-
loscope, and/or a high-speed frequency counter may be
used. Moreover, a temperature chamber that can reach
calibration temperatures can be used to change the tempera-
ture of a transmitter 1n order to measure parameters of the
transmitter at the calibration temperatures. For example, the
temperature chamber can reach temperatures between a first
temperature and a second temperature. In one example, the
first temperature 1s 0° C. and the second temperature 1s 70°
C. In another example, the first temperature 1s 0° C. and the
second temperature 1s 85° C. In another example, the first
temperature 1s —20° C. and the second temperature 1s 85° C.
In yet another example, the first temperature 1s —20° C. and
the second temperature 1s 105° C.

In examples, the temperature chamber must be configured
to reach below at least a minimum temperature and config-
ured to reach above at least a maximum temperature. In one
example, a temperature chamber 1s accurate to within 0.25°
C. of the calibration temperatures used in method 600. In
another example, a temperature chamber 1s accurate to
within 1° C. of the calibration temperatures used in method
600. In one example, the calibration temperature that are
used in method 600 are between —20° C. and 85° C. In some
examples, a time series measurement of the chamber tem-
perature and of a transmitter’s temperature may be used to
determine whether the temperatures of the chamber and of
the transmitter have stabilized. Further, a transmaitter that 1s
calibrated may be connected to a computing device that may
be used to provide calibration instructions to the transmitter.
Also, although the method 600 1s described herein as cali-
brating a BLE transmitter, method 600 may also be carried
to calibrate other types of devices.

Referring back to FIG. 6, in block 605 of method 600 a
loop vaniable for temperature 1s set. For example, a loop
variable 1 1s set to 0 1n one example.

In block 610, a temperature is set. For example, a tem-
perature corresponding to loop varnable 1 1s set in one
example. In this example, a temperature for T, 1s set.
Accordingly, 1n examples, i1f 1 1s O then a temperature 1s set
for T, 11115 1 then a temperature 1s set for T, and 111 15 2
then a temperature 1s set for T,. In one example, tempera-
tures are set at —20° C., 25° C., and 50° C. For example, T,
may be set to —20° C. when 1 1s 0, T, may be set to 25° C.
when 1 1s 1, and T, may be set to 50° C. when 1 1s 2. In
various examples, T, can be set to any suitable temperature.

In block 615, a determination 1s made as to whether the
current value for the loop variable for temperature 1s equal
to the mitial value set for the loop variable. For example, 1
loop variable 1 1s set to 0 1n block 605, then a determination
1s made as to whether loop variable 1 1s currently set to block
0 1n block 615. Thus, in examples, a determination 1s made
as to whether loop variable 1 1n block 613 equals the value
set for loop variable 1 1n block 605.

In examples, 1n block 613, 11 the current value for the loop
variable for temperature 1s equal to the 1nitial value set of the
loop vanable, then method 600 proceeds to block 620.
Otherwise, method 600 proceeds to block 635. For example,
in one example, 1t loop vanable 11s set to O 1n block 615 then
method 600 proceeds to block 620, and 11 loop varniable 1 1s
not set to 0 1n block 615 then method 600 proceeds to block
635.

If a determination 1s made to proceed to block 620, 1n
block 620 a temperature sensor output 1s trimmed. For
example, a temperature sensor can have an analog trim that
adjusts a 0-code absolute temperature intercept. In this
example, an 1deal temperature sensor code may be deter-
mined as a function (e.g., a linear function) of T, and

Tideaf_aﬁ"ser'
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In one example, a temperature sensor reading 1s triggered
while a temperature sensor oflset 1s swept until a value 1s
greater than an 1deal temperature sensor value. For example,
a temperature sensor oflset control register can be swept
starting from O and a temperature sensor reading can be
triggered until a digital code read from a temperature sensor
data register 1s greater than an i1deal temperature sensor
value.

In block 625, a fine capacitor array code 1s set to a
maximum value. For example, 1n one example, if the maxi-
mum oifset for a fine capacitor array 1s 2353, then the oflset
for the fine capacitor array 1s set to 2353,

In block 630, a minimum code that achieves a frequency
below a target frequency 1s 1dentified by sweeping coarse
capacitor array codes (e.g., changing through a plurality of
coarse capacitor array codes). The minimum code may be
referred to heremn as CC_MIN. CC_MIN can correspond to
a minimum coarse capacitor array code to set a bound for the
calibration method.

In one example, 1n order to increase usage of the fine-
tuning range across the operating temperature range, the
measurement of the coarse tuning capacitor across tempera-
tures requires multiple measurements. In examples, before
TOT 1s determined, CC_MIN 1s determined as the coarse
code which satisfies the modulation frequency delta while
the fine-tuning capacitor 1s increased.

In one example, CC_MIN 1s the coarse tuning code at T,
when a register corresponding to a fine oscillator oflset 1s set
to the maximum value which results 1n a measured 1ire-
quency 200 ppm less than a target carrier frequency.

In block 635, a loop vaniable for coarse capacitor array
code 1s set. For example, a loop variable p 1s set to 0 1n one
example.

In block 640, a coarse capacitor array code 1s set. For
example, the coarse capacitor array code 1s set to
CC,=CC_MIN+p according to one example. In this
example, CC corresponds to the coarse capacitor array code
for loop 1ndex p.

In block 643, a fine capacitor array code 1s i1dentified by
sweeping fine capacitor array codes to 1dentity a fine capaci-
tor array code that achieves a target frequency. A fine
capacitor array code for loop index 1 and loop imndex p may
be reterred to herein as FC, . In this example, fine tuning

code FC,; , corresponds to temperature T, and coarse tuning
code CC,,.

In examples, FC, , corresponds to a fine-tuning code that
reduces frequency oflset at temperature T, and coarse code
setting CC . Sweeping the fine-tuning otiset can reduce error
to the target frequency. In one example, the sweep 1s a binary
search to 1dentify a fine capacitor array code that achieves a
target frequency. In another example, the sweep 1nvolves
calculating a best guess and veritying based on an ideal
frequency tuning least significant bit (LSB) and/or measured
frequency tuning slope for that coarse oflset setting.

In block 630, a slope of frequency of a resonator, such as
an FBAR 1n this example, 1s measured. A slope of frequency
measured for loop index 1 and loop index p may be referred
to heremnast,,, . .Inexamples, 1, ,  corresponds to the
slope of the FBAR 1frequency with respect to the fine
capacitor array code (in ppm/code) at temperature T, for a
coarse capacitor array code setting CC,.

In examples, the slope of frequency of the resonator (an
FBAR 1n this example) 1s measured by incrementing an
oflset of a fine capacitor array by a number of nodes. For

example, osc_oflset_fine 1s incremented from a current
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value FC, , by nnodes according to various examples. In one
example, n 1s 10. In other examples, n can be any number of
suitable values.

In examples, T

stope 1., €@l be measured using the following
formulas:

fsfape fp:(é_ﬁ )/H

where

I,=FBAR {requency deviation from target frequency (in
ppm) at the fine offset FC, +n

f,=FBAR {requency deviation from target frequency (in
ppm) before incrementing (1.e. at fine oscillator offset FC, )

In some examples, after measuring 1, _ ,  the fine offset
for the oscillator 1s decremented. For example, the fine oflset
for the oscillator can be decremented by n.

In block 655 the current value for the loop vanable for
coarse capacitor array code 1s incremented. For example, the
current value for the loop vaniable for coarse capacitor array
code p can be incremented by 1 according to an example.
Thus, 1 this example, i p 1s 4 1n block 650, then p 1s
incremented by 1 to set p at 5 1n block 635. In various
examples, p can be incremented or decremented by any
suitable value.

In block 660, a determination 1s made as to whether the
current value for the loop vaniable for coarse capacitor array
code 1s above a threshold. For example, 1f loop varnable for
coarse capacitor array code p 1s less than a threshold value
of 9, then 1n one example method 600 returns to block 640.
In this example, if p 1s not less than 9, then method 600
proceeds to block 660. Thus, 1n an example where p 1s set
to 0 1 block 635, p 1s incremented by 1 1n block 655, and
a determination 1s made as to whether p 1s less than 9 1n
block 660, method 600 loops from block 640 through block
660 ten times for each temperature T, set in block 610. The
threshold can be any suitable value 1 various examples.
While block 660 1s described with respect to making a
determination as to whether the loop variable coarse capaci-
tor array code 1s above a threshold, in other examples a
determination 1s made as to whether the loop variable coarse
capacitor array code 1s: (a) above or equal to a threshold, (b)
below a threshold, or (¢) below or equal to a threshold.

In block 665, a temperature sensor output 1s measured. A
temperature sensor conversion result for loop index 1 may be
referred to herein as Dz, at T,. In examples, measuring
a temperature sensor output requires a temperature chamber
that can reach T,. Thus, if T,=-20° C., T,=25° C., and
1,=50° C., then a temperature chamber that can reach
between at least —20° C. and 50° C. 1s required in one
example. In some examples, an accuracy of a temperature
chamber 1s within 1° C. for each T,. In examples, a time
series measurement of the device under test (DUT) tem-
perature 1s used to determine whether the DUT has stabi-
lized.

In one example, a temperature sensor output code 1s a
10-bit number. In this example, an effective resolution may
be set to 9 bits and can result in the least significant bit (LSB)
being O.

In block 670 the current value for the loop vanable for
temperature 1s incremented. For example, the current value
for the loop varnable for temperature 1 can be incremented by
1 according to an example. Thus, in this example, 111 1s O 1n
block 665, then 1 1s incremented by 1 to set 1 at 1 1 block
670. As another example, if 1 1s 2 in block 615, then 1 1s
incremented by 1 to set 1 at 3 1 block 670. In various
examples, 1 can be incremented or decremented by any
suitable value.
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In block 675, a determination 1s made as to whether the
current value for the loop variable for temperature 1s above
a threshold. For example, if loop variable for temperature 1
1s less than a threshold value of 3, then 1n one example
method 600 returns to block 610. In this example, 11 1 1s not
less than 3, then method 600 proceeds to block 680. Thus,
in an example where 1 1s set to 0 1 block 605, 1 1s
incremented by 1 1n block 670, and a determination 1s made
as to whether 1 1s less than 3 1 block 675, method 600 loops
from block 610 through block 673 three times: T, T, and
T,. In one example T, 15 =20° C., T, 1s 25° C., and T, 1s 50°
C. The threshold can be any suitable value in various
examples. While block 675 1s described with respect to
making a determination as to whether the loop varniable for
temperature 1s above a threshold, in other examples a
determination 1s made as to whether the loop variable for
temperature 1s: (a) above or equal to a threshold, (b) below
a threshold, or (¢) below or equal to a threshold.

Referring now to FIG. 7 and FIG. 8, these figures show
example measurement table 700 and example measurement
table 800 for block 605 through block 675 of method 600
shown 1n FIG. 6. In example measurement table 700 shown
in FIG. 7, 1 was set to 0 1n block 603, 1 was incremented by
1 in block 670, and a threshold value of three was used in
block 675. Moreover, in example measurement table 700, p
was set to 0 1n block 635, p was incremented by 1 1n block
660, and a threshold value of nine was used 1n block 660. In
this example, for each value of p (1.e., p=0 through p=9), a
coarse capacitor array code CC,, 1s determined. Moreover, 1n
this example, for each value of' 1 (1.¢., 1=0 through 1=2) a fine
capacitor array code and a slope of FBAR frequency with
respect to the fine capacitor array code measured 1 ppm/
code are determined for each value of p (i.e., through p=9)
at temperature T,. Thus, 1n this example, 30 fine capacitor
array codes and 30 slopes of FBAR {frequency are deter-
mined (e.g., 10 fine capacitor array codes for each tempera-
ture T, and 10 slopes of FBAR frequency for each tempera-
ture 1,). For example, for 1=2 and p=38, FC, g and 1, . 5 are
determined as shown 1n table 700.

In FIG. 8, the temperature sensor measurements from
block 670 of method 600 are shown 1n example measure-
ment table 800 according to one example. In table 800,
temperature sensor measurements at T, (e.g., where 1=0), T,
(e.g., where 1=1), and T, (e.g., where 1=2). In table 800,
D rzamo corresponds to the temperature sensor measurement
at 1o, Drzasm corresponds to the temperature sensor mea-
surement at T, and D, , corresponds to the temperature
sensor measurement at 1,.

Referring back to FIGS. 5 and 6, 1n the example shown in

these figures an operating temperature range of T, . to T,
1s provided where T_. 15 =30° C.and T _1s 95° C. In one

FriiFi X

example, the temperature sensor measurement at T_,, 1S
D =0 and the temperature sensor measurement at Ty < 15
D..»=914. In other examples, an operating temperature
rangeof T, . toT,  _caninclude any suitable T . and T, .
For example, 1n one example, T, . =-45° C. and T, _=90°

C. and thus has an operating temperature range of —-45° C.
to 90° C.

Referring back to FIG. 6, in block 680 values are passed
to a calibration method. For example, FC, 1, ., and Dz,

values may be provided to a calibration methed to be used

as compensation parameters for the calibration method.
Thus, referring to FIG. 7 and FIG. 8, one ormore FC, | 1

i,p? “slope

i.p, Dz, values may be provided to a calibration methed
to be used as compensation parameters. In one example,
values are passed to calibration method 500 shown in FIG.
5. For example, method 600 may be performed and values
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may be passed to method 500 as compensation parameters
in block 510 of method 500. In examples, one or more
values are permanently written to a memory, such as an
on-chip OTP memory.

In block 685, values are loaded. For example, values can

be loaded to registers. In examples, values corresponding to
a Trim Coeflicient A, a Trim Coetlicient B, a Coarse Oscil-
lator Offset, a Fine Oscillator Offset, and an Oscillator
Frequency Delta can be loaded into particular registers as
shown 1n FIG. 9.

In examples, an 1deal temperature sensor code at T 1s
determined. For example, an 1deal temperature sensor code
may be determined as a linear function of the temperature.

In examples, temperature sensor parameters and tempera-
ture sensor output at operating point extremes are deter-
mined. For example, 1n one example, temperature sensor
parameters and temperature sensor output at operating point
extremes are determined using the following formulas:

(DTEMP?E_DTEMP,D)/(TI_TD)

15

slope

TSGFFSET:DTEMP l_TSﬂape Tl

3
DTEMP,min B Tszapa Tm IH+TSaﬁ€r

DTEMP mc:x_Tszape $Tmﬂx+ Tsoﬁsef

In examples, a mean slepe of an FBAR 1frequency 1s
determined. For example, in one example, an 1, . ..., 18

determined for each coarse capacitor array value CC . In this
example, the following formula can be used to calculate

f

siope meaﬂ,p:

- sfapeﬂ.p-l-

)3

J{afape M EAN P sfapelg? slope’? p

In examples, a three-point curve fitting 1s used to deter-
mine one or more oflsets and/or one or more coetlicients for
one or more coarse capacitor array values. For example, 1n

one example an OFFSET,, an COEFF_A , and a COEF-
F_B, are determined usmg a three-point curve fitting for
each coarse capacitor code array value CC,. In some
examples, one or more parameters 1s rounded. For example,
a parameter may be rounded to the nearest integer. In
examples OFFSET , COEFF_A , and/or COEFF_B, may
be determined as a function (e.g., a linear function, quadratic
function, power function, rational function, exponential
tunction, or a combination thereot) of D,zy/p .

In examples, additional offsets are determined. For
example, 1n one example, an OFFSET,, an OFFSET,, an
OFFSET_MIN , an OFFSET_MAX , and an OFFSET_
PEAK  are determined for each OFFSET

In examples OFFSET, may be determmed based at least

in part on OFFSET COEFF_AP,, D reas2 . mins and/or COEF -
F_B,. For example OFFSET, may be determined as a
function (e.g., a linear ﬁmctien,, quadratic function, power
function, rational function, exponential function, or a com-
bination thereot) of OFFSET ), COEFF_A_, Dyry /e 0, and/
or COEFF_B,.

In examples, OFFSET, may be determined based at least

in part on OFFSET ,, CO. JFF_AP,J D 27 maxs and/or COEF-
F_B,. For example OFFSET, may be determined as a
funet1011 (c.g., a linear ﬁmetmn, quadratic function, power
function, rational function, exponential function, or a com-
bination thereot) of OFFSET , COEFF_A |, Dypasp 00 and/
or COEFF_B,.

In examples OFFSET_MIN  may be determined by
selecting the smallest offset 1n a set of at least two oflsets.
For example, if the set of oflsets 1s OFFSET, and OFFSET,
for p and OFFSET, 1s smaller than OFFSET,, then OFF-
SE'T, can be seleeted as OFFSET_MIN .
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In examples, OFFSET_MAX  may be determined by
selecting the largest oflset 1n a set of at least two offsets. For
example, 1f the set of ofisets 1s OFFSET, and OFFSET, for
p and OFFSET, 1s larger than OFFSET,, then OFFSET, can
be selected as OFFSET_MAX .

In examples, OFFSET_PEAK  may be determined based
at least 1n part on OFFSET ,, COEFF_A and/or COEF-
F_B,. For example, OFFSET_PEAK  may be determined as
a function (e.g., a linear function, quadratic function, power
function, rational function, exponential function, or a com-
bination thereof) of OFFSET,, COEFF_A , and/or COEF-
F_ B, .

Inp examples, a fine capacitor array code that does not
saturate the fine cap array 1s determined. In one example, p

1s looped through. In this example, a mimimum p may be
determined such that OFFSET_M:NP 1s above a first thresh-

old, and OFFSET_MAX) and/or OFFET_PEAK, 1s below a
second threshold. For example, the first threshold may be
zero such that OFFSET_MIN , must be greater than zero in
one example. In examples, OFFSET_MAX  and/or
OFFET_ PEAK  1s based on a MARGIN. For example, the
second threshold may be based on a MARGIN. In examples,
the MARGIN corresponds to a number of codes necessary
to allow a sutlicient margin for a 200 ppm modulation.

In examples, a device (such as a Bluetooth device
described herein) performs temperature compensation and
calibration methods described herein allowing the device to
support an operating temperature range from at least —20° C.
to at least 85° C. For example, 1n one example a calibration
method described herein accommodates an operating tem-
perature range from at least —=20° C. to at least 85° C. In
examples, such an operating temperature range 1s supported
without a significant power penalty by using a compensation
described herein which reduces the required tuning range of
an FBAR oscillator for a given temperature range.

In some examples, the device has an FBAR oscillator with
a split capacitor array which further reduces transmitter
power consumption. For example, a transmitter (such as
BLE transmitter 200) can have a Pierce oscillator with a split
capacitor array.

Referring now to FIG. 10, thus figure shows an example
1000 of a Pierce oscillator 1005 with a split capacitor array
(collectively, 1010-1070) according to an example. The split
capacitor array has a first capacitor array 1010 and a second
capacitor array 1050. The first capacitor array 1010 has a
first coarse capacitor array 1020 and a first fine capacitor
array 1030. The second capacitor array 10350 has a second
coarse capacitor array 1060 and a second fine capacitor array
1070.

In examples, the first coarse capacitor array 1020 and/or
the second coarse capacitor array 1060 1s used to correct for
process variations. In this example, process trimming 1s
performed 1n the first coarse capacitor array 1020 and/or the
second coarse capacitor array 1060. First coarse capacitor
array 1020 and/or second coarse capacitor array 1060 may
have a unit capacitor of 52 1F, an on-off ratio of 4.5, a tuning
step of 40 ppm, and/or a tuning range of 1400 ppm.

In examples, the first fine capacitor array 1030 and/or the
second fine capacitor array 1070 1s used to correct for
temperature variations and for performing modulation (such
as GFSK modulation 1n a Bluetooth transmitter). In this
example the modulation and temperature trimming 1s per-
formed 1n the first fine capacitor array 1030 and/or the
second fine capacitor array 1070. First fine capacitor array
1030 and/or second fine capacitor array 1070 may have a
unit capacitor of 4 {F, an on-off ratio of 2, a tuning step of
S ppm, and/or a tuning range of 700 ppm.
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In an FBAR oscillator power consumption increases with
increasing tuning range. The tuning range-power consump-
tion tradeodl 1n one example 1s shown by graph 1100 1n FIG.
11. In graph 1100, line 1110 depicts oscillator current (mA)
requirements ol tuning ranges (ppm) for a single consoli-
dated capacitor array where process, temperature, and
modulation tuning are performed in the same array. Line
1120 depicts oscillator current (mA) requirements of tuning
ranges (ppm) for a split capacitor array where modulation
and temperature trimming 1s performed 1n a fine capacitor
array and process trimming 1s performed 1n a coarse capaci-
tor array.

Referring back to FIG. 10, 1n examples, feeding process
information into first coarse capacitor array 1020 and/or
second coarse capacitor array 1060, and feeding temperature
information and modulation nformation into {first fine
capacitor array 1030 and/or second fine capacitor array 1070
provides a power eflicient way of adding process and
temperature digital controls. Rather than the addition of
process and temperature digital controls occurring in the
digital domain thereby consuming energy, in some examples
the addition of process and temperature digital controls are
directly added in the capacitance domain which does not
consume power.

Loop gain of a Pierce oscillator i1s increased for a given
bias current 1n examples when the capacitance on either side
of the Pierce oscillator are equal. In order to keep the
on-capacitance of the two capacitor arrays as equal as
possible, 1n examples, the capacitors are alternatively turned
on as the control code increases. For example, referring to
FIG. 10, 11 the control code 1s 7 then 3 caps may be on 1n
array 1010 and 4 caps may be on in array 1050. In this
example, 11 the control code increases to 8, an additional
capacitor on array 1010 1s turned on to maintain the capaci-
tance on the left and right side of Pierce oscillator 1003. In
examples, a ctrl code 1s split into a first (e.g., left) and a
second (e.g., right) control code using the following formu-
las:

Fine_ctrl_left=floor(fine_ctrl/2)
Fine_ctrl_right=tloor((fine_ctrl+1)/2)
Coarse_ctrl_left=floor(coarse_ctrl/2)

Coarse_ctrl_right=floor({coarse_ctrl+1)/2)

In examples, splitting a capacitor array into a first capaci-
tor array 1010 and a second capacitor array 1050, with
oscillator 1005 being between the first capacitor array 1010
and the second capacitor array 1050, improves a tuning step.
In this example, from the resonator’s perspective, the first
capacitor array 1010 and the second capacitor array 1050 are
in series with each other. In this example, when the first
capacitor array 1010/second capacitor array 1050 increases
by AC, the eflective capacitor across the resonator increases
by AC/2 which results 1n a tuming step that 1s half of what can
be achievable without the first/second split.

While some examples of devices, systems, and methods
herein are described 1n terms of solftware executing on
vartous machines, the methods and systems may also be
implemented as specifically-configured hardware, such as
field-programmable gate array (FPGA) specifically to
execute the various methods. For example, examples can be
implemented 1n digital electronic circuitry, or in computer
hardware, firmware, software, or in a combination thereof.
In one example, a device may include a processor or
processors. The processor comprises a computer-readable
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medium, such as a random access memory (RAM) coupled
to the processor. The processor executes computer-execut-
able program instructions stored 1n memory, such as execut-
Ing one or more computer programs for editing an 1mage.
Such processors may comprise a microprocessor, a digital
signal processor (DSP), an application-specific integrated
circuit (ASIC), field programmable gate arrays (FPGAs),
and state machines. Such processors may further comprise
programmable computing devices such as PLCs, program-
mable 1nterrupt controllers (PICs), programmable logic
devices (PLDs), programmable read-only memories

(PROMs), electronically programmable read-only memories
(EPROMSs or EEPROMSs), or other similar devices.

Such processors may comprise, or may be in communi-
cation with, media, for example computer-readable storage
media, that may store instructions that, when executed by
the processor, can cause the processor to perform the steps
described herein as carried out, or assisted, by a processor.
Examples of computer-readable media may include, but are
not limited to, an electronic, optical, magnetic, or other
storage device capable of providing a processor, such as the
processor 1n a web server, with computer-readable 1nstruc-
tions. Other examples of media comprise, but are not limited
to, a floppy disk, CD-ROM, magnetic disk, memory chip,
ROM, RAM, ASIC, configured processor, all optical media,
all magnetic tape or other magnetic media, or any other
medium from which a computer processor can read. The
processor, and the processing, described may be 1n one or
more structures, and may be dispersed through one or more
structures. The processor may comprise code for carrying
out one or more ol the methods (or parts of methods)
described herein.

Examples of methods disclosed herein may be performed
in the operation of such computing devices. The order of the
blocks presented 1n the examples above can be varied—ior
example, blocks can be re-ordered, combined, and/or broken
into sub-blocks. Certain blocks or processes can be per-
formed 1n parallel. Thus, while the steps of methods dis-
closed herein have been shown and described 1n a particular
order, other examples may comprise the same, additional, or
fewer steps. Some examples may perform the steps 1n a
different order or in parallel.

The foregoing description of some examples has been
presented only for the purpose of 1llustration and description
and 1s not intended to be exhaustive or to limit the disclosure
to the precise forms disclosed. Numerous modifications and
adaptations thereof will be apparent to those skilled 1n the art
without departing from the spirit and scope of the disclosure.

Reference herein to an example or implementation means
that a particular feature, structure, operation, or other char-
acteristic described 1n connection with the example may be
included 1n at least one implementation of the disclosure.
The disclosure 1s not restricted to the particular examples or
implementations described as such. The appearance of the

- Y 2T Y

phrases “in one example,” “in an example,” “in one 1mple-
mentation,” or “in an implementation,” or variations of the
same 1n various places 1n the specification does not neces-
sarily refer to the same example or implementation. Any
particular feature, structure, operation, or other characteris-
tic described 1n this specification 1n relation to one example
or implementation may be combined with other features,
structures, operations, or other characteristics described 1n
respect of any other example or implementation.
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That which 1s claimed 1s:
1. A method of calibrating a transmitter comprising:
for each temperature of a plurality of temperatures:
iteratively configuring a coarse capacitor array in the
transmitter by iteratively setting a coarse capacitor
array code for the coarse capacitor array at that
temperature, the coarse capacitor array correspond-
ing to an oscillator in the transmitter, the oscillator
corresponding to a resonator 1n the transmaitter;
iteratively configuring a fine capacitor array in the
transmitter for each of the iteratively set coarse
capacitor array codes at that temperature by sweep-
ing through fine capacitor array codes for the fine
capacitor array to 1dentily a fine capacitor array code
that reduces frequency oflset at that coarse capacitor
array code at that temperature, the fine capacitor
array corresponding to the oscillator;
determining a slope of frequency corresponding to the
resonator for each of the iteratively set coarse capaci-
tor array codes at that temperature; and
measuring a temperature sensor output corresponding
the transmitter at that temperature; and
using at least the identified fine capacitor array codes,
the determined slopes of frequency corresponding to
the resonator, and the measured temperature sensor
outputs to calibrate the transmitter.
2. The method of claim 1, further comprising;:
prior to iteratively configuring the fine capacitor array,
setting a fine capacitor array code for the fine capacitor
array to a maximum value.
3. The method of claim 1, further comprising:
prior to iteratively configuring the coarse capacitor array,
setting a coarse capacitor array code for the coarse
capacitor array to a minimum coarse capacitor array
code; and
increasing the coarse capacitor array code 1n each iterative
step of said 1teratively configuring the coarse capacitor array.
4. The method of claim 3, wherein the minimum coarse
capacitor array code corresponds to a mimimum code that

achieves a frequency below a target frequency.

5. The method of claim 3, wherein the minimum coarse
capacitor array code establishes a calibration boundary.

6. The method of claim 3, wherein the minimum coarse
capacitor array code corresponds to a maximum value which
results 1in a measured frequency less than a target carrier
frequency.

7. The method of claim 6, wherein the measured fre-
quency 1s 200 ppm less than the target carrier frequency.

8. The method of claim 1, wherein the plurality of
temperatures comprises a lirst temperature below at least
—10 degrees Celsius, a second temperature above at least 75
degrees Celsius, and a third temperature between the first
temperature and the second temperature.

9. The method of claim 1, wherein the resonator com-
prises a thin-film bulk acoustic resonator (“FBAR”™).

10. The method of claim 9, wherein determining the slope
of frequency corresponding to the FBAR comprises incre-
menting an oflset of a fine capacitor array.

11. A method comprising;:

obtaining a temperature of an oscillator 1n a transmutter,

the oscillator corresponding to a resonator 1n the trans-
mitter;

determining a frequency driit corresponding to the oscil-

lator at the temperature based at least 1n part on a linear
term corresponding to the temperature and a tempera-
ture shaift;
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generating a temperature compensation signal based at
least 1 part on the frequency driit;

generating a data modulation signal based at least in part
on a modulation scheme;

tuning a capacitor array corresponding to the oscillator
based at least 1n part on the temperature compensation
signal and the data modulation signal; and

after tuning the capacitor array corresponding to the
oscillator, generating, by the oscillator, a modulated RF
signal within a threshold frequency driit.

12. The method of claim 11, wherein the oscillator com-

prises a Pierce oscillator coupled to the capacitor array.

13. The method of claim 12, wherein the capacitor array
comprises a split capacitor array comprising at least one
coarse capacitor array and at least one fine capacitor array.

14. The method of claim 13, further comprising:

generating a tuning signal at least by adding the tempera-
ture compensation signal and the data modulation sig-
nal, and

wherein tuning the capacitor array comprises outputting
the tuning signal to the at least one fine capacitor array.

15. The method of claim 14, further comprising:

generating a second tuning signal; and

outputting the second tuning signal to the at least one
coarse capacitor array, the second tuning signal con-
figured to tune the at least one coarse capacitor array to
account for process variations.

16. The method of claim 11, wherein determining the
frequency drift comprises calculating the frequency dnit
based at least 1n part on the temperature, a turnover tem-
perature, the linear term corresponding to the temperature
and the temperature shiit, and a gain coeflicient correspond-
ing to the temperature and the temperature shift.

17. The method of claim 11, wherein the resonator com-
prises a thin-film bulk acoustic resonator (“FBAR™).

18. The method of claim 17, wherein a turnover tempera-
ture corresponds to the FBAR.

19. The method of claim 11, wherein the linear term 1s
received from a register ol a processor of the transmitter or
from a memory of the transmuitter.

20. The method of claim 11, wherein the temperature
compensation signal 1s based at least in part on a three-point
curve {itting of the capacitor array.

21. The method of claim 11, wherein the modulation
scheme 1s Gaussian Frequency Shift Keying (GFSK).

22. The method of claim 11, wherein the transmitter has
an operating temperature range of at least minus 20 degrees
Celstus to at least 85 degrees Celsius after tuning the
capacitor array.

23. The method of claim 11, wherein the temperature
compensation signal 1s a digital signal.

24. The method of claim 11, wherein the temperature
compensation signal 1s an analog signal.

25. A system comprising:

a resonator;

a Pierce oscillator corresponding to the resonator;

a split capacitor array corresponding to the Pierce oscil-

lator, the split capacitor array comprising:

a {irst capacitor array coupled to a first side of the Pierce
oscillator, the first capacitor array comprising a {first
fine capacitor array; and

a second capacitor array coupled to a second side of the
Pierce oscillator opposite the first side, the second
capacitor array comprising a second fine capacitor
array;
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a temperature sensor;

a memory; and

a processor communicatively coupled to the Pierce oscil-
lator, the split capacitor array, the temperature sensor,
and the memory, wherein the processor 1s configured to
receive executable instructions from the memory
which, when executed by the processor, cause the
processor to:
obtain a temperature from the temperature sensor;

determine a frequency drift corresponding to the Pierce
oscillator at the temperature based at least 1n part on a
linear term corresponding to the temperature and a
temperature shiift;

generate a temperature compensation signal based at least
in part on the frequency driit;

generate a data modulation signal based at least 1n part on
a modulation scheme;

generate a tuning signal based at least in part on the
temperature compensation signal and the data modu-
lation signal; and

output the tuning signal to at least one of the first fine
capacitor array or the second fine capacitor array.

26. The system of claim 25, wherein the resonator com-

prises a thin-film bulk acoustic resonator (“FBAR™).

277. The system of claim 26, wherein the {first capacitor
array further comprises a first coarse capacitor array, and the
second capacitor array further comprises a second fine
capacitor array, and

wherein the processor 1s further configured to receive
executable instructions from the memory which, when
executed by the processor, cause the processor to:

generate a second tuning signal configured to account for
process variations; and

output the second tuning signal to at least one of the first
coarse capacitor array or the second fine capacitor
array.

28. The system of claim 27, wherein the FBAR i1s con-
figured to generate a modulated RF signal within a threshold
frequency drift subsequent to the output of the tuning signal.

29. The system of claim 26, wherein:

a BLE transmitter comprises the Pierce oscillator, the
FBAR, the split capacitor array, the temperature sensor,
the memory, and the processor, and

the BLE transmitter has an operating temperature range of
at least minus 20 degrees Celsius to at least 85 degrees
Celsius after the output of the tuning signal to the at
least one of the first fine capacitor array or the second
fine capacitor array.

30. The system of claim 26, wherein the tuning signal
comprises the temperature compensation signal and the data
modulation signal combined together.

31. A non-transitory computer-readable medium compris-
ing processor-executable instructions configured to cause a
processor to:

obtain a temperature of an oscillator 1n a transmaitter, the
oscillator corresponding to a resonator 1n the transmit-
ter;

determine a frequency drift corresponding to the oscillator
at the temperature based at least 1n part on a linear term
corresponding to the temperature and a temperature
shift;

generate a temperature compensation signal based at least
in part on the frequency drfit;

generate a data modulation signal based at least 1n part on
a modulation scheme;

tune a capacitor array corresponding to the oscillator
based at least 1n part on the temperature compensation
signal and the data modulation signal; and
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after tuning the capacitor array corresponding to the
oscillator, cause the oscillator to generate a modulated
RF signal within a threshold frequency driit.

32. The non-transitory computer-readable medium of
claim 31, wherein the resonator comprises a thin-film bulk 5
acoustic resonator (“FBAR”™).

33. The non-transitory computer-readable medium of
claim 31, further comprising processor-executable instruc-
tions configured to cause a processor to:

generate a tuning signal at least by adding the temperature 10

compensation signal and the data modulation signal,
and

output the tuning signal to at least one fine capacitor array

to tune the capacitor array.

34. The non-transitory computer-readable medium of 15
claim 33, further comprising processor-executable instruc-
tions configured to cause a processor to:

generate a second tuning signal; and

output the second tuning signal to at least one coarse

capacitor array, the second tuning signal configured to 20
tune the at least one coarse capacitor array to account
for process variations.

35. The non-transitory computer-readable medium of
claim 31, further comprising processor-executable instruc-
tions configured to cause a processor to calculate the fre- 25
quency drift based at least in part on the temperature, a
turnover temperature, the linear term corresponding to the
temperature and the temperature shift, and a gain coetlicient
corresponding to the temperature and the temperature shift.
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